It is both common and wise practice to adjust the treatment of diabetic patients to obtain plasma glucose concentrations as close as possible to the 'normal range', correcting both postprandial hyperglycaemic spikes and the less increased, but persistently high, plasma glucose concentration between meals. The 'Diabetes Control and Complications Trials (DCCT) and the United Kingdom Prospective Diabetes Study (UKPDS) have provided evidence that intensive treatment can prevent complications associated with diabetes mellitus. In both studies, effectiveness of hyperglycaemic treatment was assessed by means of the glycated haemoglobin level. This is an integrated measure of both postprandial and fasting hyperglycaemia. The absolute and relative importance of the two conditions, however, could differ depending upon the organ or system suffering from diabetic complications and other more or less known individual factors. This paper aims to emphasize the effects of acute hyperglycaemia, in particular, postprandial hyperglycaemia, on the development of diabetic complications. The role of oxidative stress as a mediator of acute hyperglycaemia is further discussed. More investigation in this area is required so that treatment can be eventually individualised. Perhaps, in some patients, efforts could be concentrated on the control of hyperglycaemic spikes and/or specific organ or system susceptibility to either acute or chronic hyperglycaemia. [Diabetologia (2003) 
tions Trial (DCCT) [1] and the United Kingdom Prospective Diabetes Study (UKPDS) [2] definitely settled the question of the efficacy of intensive treatment in preventing diabetic complications. These trials reported that the incidence of complications could be reduced by lowering glycated haemoglobin (HbA 1c ), a measure of mean blood glucose concentrations [1, 2] . However, DCCT researchers suggested that "mean HbA 1c is not the most complete expression of the degree of hyperglycaemia. Other features of diabetic glucose control, which are not reflected by HbA 1c, could add to or modify the risk of complications. For example, the risk of complications could be more highly dependent on the extent of postprandial glycaemic excursion." [3] .
Chronic hyperglycaemia has been postulated to be a cause of microvascular [1, 2] and probably macrovascular [4] , diabetic complications. However, a rapid It is generally agreed that the ideal treatment of diabetic patients is the restoration of plasma glucose concentrations in the 'normal range'. In common medical practice this goal is elusive, as a result of practical difficulties and the risk of hypoglycaemia. Moreover, the clinical usefulness of optimising glycaemic control has long been suggested by logic rather than supported by evidence. Eventually, two large-scale prospective clinical trials, the Diabetes Control and Complicaincrease in blood glucose concentrations, in particular in the postprandial phase, is a typical and frequent event in the life of diabetic patients. As a result, it is surprising how little emphasis researchers have previously put on postprandial glycaemic spikes as possible contributors to diabetic complications.
Defining postprandial hyperglycaemia
The word postprandial means after a meal: therefore, postprandial hyperglycaemia refers to plasma glucose concentrations after eating. Glucose concentrations begin to rise about 10 min after the start of a meal as a result of the absorption of dietary carbohydrates. The profile of postprandial hyperglycaemia is determined by many factors including the timing, quantity and composition of the meal, carbohydrate content and composition of the meal, insulin and glucagon secretion, etc. Because the absorption of food persists for 5 to 6 h after a meal in both diabetic and non-diabetic people, the optimal time to measure postprandial glucose is an open question. However, the American Diabetes Association has suggested that "in general, a measurement of plasma glucose 2 h after the start of a meal is practical, generally approximates the peak value in patients with diabetes, and provides a reasonable assessment of postprandial hyperglycaemia" [5] .
This suggestion is supported by a recent observation that the level of glycaemia reached at 2 h after an OGTT is closely related to the level of glycaemia after a standardized meal (mixed meal in the form of wafers containing oat-fractionation products, soy protein, and canola oil sweetened with honey: 345 kcal, 10.7 g fat, 12.1 g protein, 8.9 g simple sugars, 41.1 g starch, and 3.8 g dietary fibre) [6] .
As reported above, in diabetes the postprandial phase is characterized by a rapid and large increase in blood glucose concentrations. While anticipating additional data from prospective studies, we do have information on the effects of an acute rise in glucose concentration, not only in in vitro and animal models, but also in healthy and diabetic humans. Moreover, in many of these reports, glycaemic variations are comparable to those encountered in the postprandial phase in diabetic patients. The following discussion highlights the relation between acute glycaemic variations and phenomena, known or suspected to be related to diabetic complications.
Acute hyperglycaemia and microvascular complications
High blood glucose concentrations contribute to the genesis of glomerular hyperfiltration [7] , a phenomenon known to precede the occurrence of diabetic kidney disease [8] . An acute increase in blood glucose produces an increase in glomerular filtration rate (GFR) in diabetic patients [7] . This causes a more severe change in patients with proteinuria than in patients with normoalbuminuria [9, 10] , i.e. acute hyperglycaemia causes a greater effect in patients already affected by nephropathy. Of interest, the acute glucoseinduced increase in GFR has an extremely rapid onset and persists as long as hyperglycaemia [11] . In vitro, it has been shown that intermittent exposure of mesangial cells to high glucose concentrations is a greater stimulus for hyperproduction of collagen than chronic exposure [12] . The stimulation of mesangium to hyperproduce collagen is considered an important event in the pathogenesis of diabetic nephropathy [13] .
These observations seem to be consistent with a study of 52 patients with Type 1 diabetes mellitus between 1965 and 1983, which showed a definite relation between the annual medians of postprandial glucose and the time interval between the onset of diabetes and the development of nephropathy [14] . Moreover, postprandial plasma glucose has been shown to be an important determinant of both onset and development of nephropathy in Type 2 diabetic patients [15] .
An important pathogenetic factor in the occurrence and progression of diabetic retinopathy is hyperperfusion of the retinal circulation [16] . Additionally, studies have shown that hyperglycaemia plays a key role in increasing retinal perfusion [17] . Blood flow in the retinae of diabetic patients closely parallels plasma glucose concentrations [18, 19] . The direct effects of hyperglycaemia on retinal circulation were confirmed by studies on animals, whereby the induction of hyperglycaemia uniformly caused an increase in retinal blood flow [20, 21] . Even in the case of retinopathy, an 8-year prospective study has shown that postprandial hyperglycaemia could condition the development of such complications in Type 2 diabetic patients [15] .
Hyperglycaemia is surely a determining factor in the occurrence of diabetic neuropathy. Numerous clinical studies have shown that improving the control of blood glucose concentrations can stop and/or improve manifestations typical of this pathology [22, 23, 24] . Hyperglycaemia acutely induced in Type 1 diabetes at onset, or in the case of rapid decompensation in chronic diabetic patients, causes an impairment of the motor and sensory nerve conduction velocity [25, 26] . The direct role of hyperglycaemia in the impairment of nerve function has been confirmed in normal subjects undergoing acute hyperglycaemic clamp [27, 28] . Acute hyperglycaemia, as it can lower the pain threshold in both animals [29] and diabetic patients [30] , could have a role in the genesis of neuropathic pain which afflicts diabetic patients.
Acute hyperglycaemia and macroangiopathic complications
The pathogenic role of glucose in cardiovascular disease is increasingly apparent, as confirmed by epide-miological studies carried out both on diabetic and non-diabetic patients [4] .
There is increasing evidence that the postprandial state is an important contributing factor to the development of atherosclerosis in non-diabetic subjects [31] . Epidemiological evidence linking total plasma triglycerides to CVD risk has been the subject of much debate. Data now suggest that triglycerides do represent an independent risk factor for CVD [32] . However, studies of the postprandial state showed the role of triglycerides for CVD [33, 34] and stroke [35] as an independent risk factor. Increased concentrations of plasma LDL are correlated with increased risk of developing atherosclerotic vascular disease [36] . However, at any given plasma concentration of LDL there is a great individual variability in the extent of atherosclerosis and the expression of clinical disease [37] . The oxidative modification of LDL is an important and possibly obligatory step in the pathogenesis of the atherosclerotic lesion [37] . Triglycerides transferred to LDL are more susceptible to lipase-mediated hydrolysis, so that LDL size is reduced [38] . These small and dense LDL are more prone to oxidation [38] . The postprandial LDL contain more triglycerides and LDL from healthy donors are more prone to oxidation in the postprandial state in comparison to the postabsorptive state [39] . The development of atherosclerosis, myocardial infarction, and sudden cardiac death is at least partly due to increased activity of the coagulation system. Several investigations have shown the role of thrombus formation in the pathogenesis of atherosclerosis and acute cardiovascular events [40] . It is well established that coagulation factor VII is independently associated with the risk of CVD [41] . Dietary studies in humans have established a connection between plasma concentrations of triglyceride and factor VII coagulant activity [42, 43] . Small controlled studies have shown recently that factor VII is activated during absorptive lipemia in healthy human subjects and in patients with coronary heart disease [44, 45] . Postprandial hypertriglyceridemia has been found to precede the activation of coagulation factor VII, and the degree of factor VII activation is proportional to the increase in plasma triglycerides [46] . Since there is extensive evidence of important interactions between plasma lipoproteins and coagulation, including platelet aggregation and fibrinolysis [47], it seems reasonable that there could be an increased thrombotic tendency in the postprandial phase. In recent years, the recognition of the key role the endothelium plays in vascular pathophysiology has stimulated intensive research work [48] . Many alterations found in the postprandial state could involve the endothelium. It has been found that endothelial dysfunction is convincingly involved in the pathogenesis of hypertension [49] , oxidized LDL reduce endothelium-dependent relaxation [50] , and transient postprandial hypertriglyceridemia decreases vascular reactivity in healthy volunteers [51] .
Most of the cardiovascular risk factors which are modified in the postprandial phase in non-diabetic subjects are altered in diabetes mellitus and are directly affected by an acute increase of glycaemia.
In non-obese Type 2 diabetic patients with moderate fasting hypertriglyceridaemia, the atherogenic lipoprotein profile is amplified in the postprandial state [52] . Triglycerides in diabetes are related to hyperglycaemia [53] and the control of postprandial glucose excursions reduces the postprandial triglyceride increase [54] . Low-density lipoprotein oxidation in diabetes is related to metabolic control [55] , and it has been shown that LDL oxidation increases after meals [56, 57] ; this directly relates to the degree of hyperglycaemia [57] . An acute increase in clotting factor VII has been described during induced hyperglycaemia in both diabetic and healthy subjects [58] , while an enhancement of thrombin activity has been shown in the postprandial phase in Type 2 diabetic patients; this was proportional to the level of hyperglycaemia [59] . Furthermore, the synthesis of fibrinogen, a strong risk factor for cardiovascular disease in both diabetic and non-diabetic subjects [60] , increases during food intake in diabetic patients [61] .
Adhesion molecules regulate the interaction between endothelium and leukocytes [62] . They are involved in the process of atherogenesis. An increase in their expression on the endothelial surface causes increased adhesion of leukocytes, in particular, monocytes [63] . It is well-known that this is one of the first steps in the process which leads to the atheroma. Among the various pro-adhesive proteins, special concern was aroused by intercellular adhesion molecule-1 (ICAM-1). The soluble form of ICAM-1 accumulates in cells and can be rapidly expressed on their surface after various stimuli [62] . The circulating form of this molecule was increased in subjects with vascular disease [64] , and diabetes mellitus with or without vascular disease [65] . As a result, it can be considered a marker of the activation of the atherogenic process [66] . Acute hyperglycaemia in both normal and diabetic subjects is a sufficient stimulus for the circulating concentration of ICAM-1 to increase, thus activating one of the first stages of the atherogenic process [67, 68] .
Finally, evidence shows that acute hyperglycaemia could cause endothelial dysfunction [69, 70] and an increase of blood pressure in diabetic [71, 72] and healthy subjects [28] . Furthermore, a rapid decrease of flow-mediated vasodilation has been shown in the postprandial phase in Type 2 diabetic patients which correlated inversely with the magnitude of postprandial hyperglycaemia [73] .
Indirect evidence of the unfavourable role of acute hyperglycaemia on cardiovascular disease is also available. Hyperglycaemia during an acute cardiovascular event is unfavourable from a prognostic point of view in case of both myocardial infarction [74] and stroke [75] . A worse prognosis has been shown for both cases in diabetic and non-diabetic subjects [74, 75] . With regard to infarction, a recent meta-analysis has shown a continuous correlation between glucose serum concentrations and severity of the prognosis even in non-diabetic subjects [76] . Furthermore, intensive insulin treatment during acute myocardial infarction reduces long-term mortality in diabetic patients [77] . In myocardial infarction, increased glucose concentrations were capable of inducing such electrophysiological alterations as to favour the occurrence of arrhythmias whose outcome could even be fatal [78] . This is consistent with the evidence that in normal subjects an acute increase of glycaemia produces a significant prolongation of QT [79] .
These data suggest that the concomitant increase of glycaemia in postprandial condition can amplify in diabetic patients an increase of cardiovascular risk factors while producing by itself several functional alterations favouring cardiovascular disease.
Possible pathogenetic mechanisms
The studies quoted above show that a rapid glycaemic increase can alter the physiologic homeostasis of various organs and systems. The processes through which hyperglycaemia acts are probably non-enzymatic labile glycation [80] and production of free radicals [81] . It is also likely that both processes contribute to the generation of the anomalies observed in case of hyperglycaemia.
In labile glycation, glucose binding through a nonenzymatic bond with an amino acid forms a compound like a Schiff base [80] . This reaction is dependent on glucose concentration and it is reversible [80] . If the amino acid associated with the reaction is fundamental to the functionality of the molecule, its activity will be lowered. As the bond is reversible, protein activity is restored when glucose serum concentrations decrease [80] . There is experimental evidence of this process for many biological compounds [80] .
Oxidative stress is a recognised pathogenic process of the complications of diabetes [82] .
The production of free radicals from glucose can be obtained biochemically in three ways: (i) during labile glycation [83] ; (ii) directly from glucose through a process of auto-oxidation [84] ; (iii) through intracellular activation of the sorbitol pathway, which unbalances the NADH/NAD + system and favours the production of free radicals [85] .
However, the most convincing evidence linking glucose and oxidative stress is the recent demonstration of the intracellular production of free radicals in conditions of hyperglycaemia. The endothelium was found to be freely permeable to glucose due to the receptor GLUT-1 [86] . As a result, the cell, having free glucose supply in connection with the circulating concentration, will transform it into energy. This implies that, at the mitochondrial level, the free glucose efflux is transformed not only into production of energy but also into unrestrained production of superoxide anions [86] . This elegant experiment shows that glucose can produce free radicals depending on concentration and it thus strengthens the hypothesis that an acute increase of glucose serum concentration can equally produce acute oxidative stress [86] . The evidence that in vivo superoxide anion plasma concentrations are increased in diabetic patients and correlate with the level of glycaemia, provides strong support to this hypothesis [87] .
There is both indirect and direct evidence supporting the concept that, in vivo, acute hyperglycaemia works through the production of oxidative stress. Indirect evidence is obtained through the use of antioxidants which can hinder some of the effects acutely induced by hyperglycaemia such as endothelial dysfunction [28, 69, 70, 71] , activation of coagulation [88] and increase of ICAM-1 in the plasma [67] . This suggests that the action of acute hyperglycaemia is mediated by the production of free radicals.
Direct evidence is also linked to an estimate of the effects of acute hyperglycaemia on oxidative stress markers. Numerous reports indicate that during an oral glucose challenge, a reduction of the antioxidant defences is observed [89, 90, 91] . This effect can be found even in more physiologic situations, for example, while eating a meal [92] . The role of hyperglycaemia can be highlighted by giving a patient two different meals. This will result in two different concentrations of postprandial hyperglycaemia; the greater drop in the antioxidant activity is linked with the higher concentrations of hyperglycaemia [57] . The evidence that in diabetic subjects LDLs are more prone to oxidation in the postprandial phase, matches these data [56] . Even in this situation higher concentrations of hyperglycaemia are matched with a greater oxidation of LDLs [57] .
Conclusions
Hyperglycaemia can acutely induce alterations of normal human homeostasis. Of note, acute increases in serum glucose concentrations cause alterations in both normoglycaemic subjects and in diabetic subjects with A. Ceriello: The possible role of postprandial hyperglycaemia in the pathogenesis of diabetic complications M13 Fig. 2 . The upper section illustrates the concept that several postprandial events combine to make waves that could eventually wear down the endothelial mole. The lower section represents the postulated effect of postprandial hyperglycaemia: like a strong wind, it causes billows that strike the wall and can rapidly tear it down. Reprinted with permission [31] basic hyperglycaemia. On the basis of this evidence it can be hypothesised that the acute effects of glucose concentrations can add to those produced by chronic hyperglycaemia, thus contributing to the final picture of complicated diabetes (Fig. 1) . A hypothetical sequence might be that, in the postprandial phase, oxidative stress is generated, with triglycerides playing an important role in this effect. Subsequently LDL oxidation, thrombosis activation and endothelial dysfunction occur, in a setting of meal-induced antioxidant consumption, and combine in favouring diabetic complications and possibly the occurrence of a cardiovascular event. In diabetes the simultaneous postprandial hyperglycaemic spike has the potential to amplify this phenomenon. This concept is allegorically summarised in Figure 2 .
The precise relevance of postprandial hyperglycaemia to the development of diabetic complications is not currently comprehensive or quantifiable. There is a constant tendency for rapid variation of hyperglycaemia in diabetic patients, in particular in the postprandial phase. Thus, it can be hypothesised that it could exert an influence on the onset of complications. This theory is supported by the concept that there is no threshold for blood glucose concentrations in the development of diabetic complications. This was originally reported by the DCCT researchers in Type 1 diabetes with regard to microvascular disease [93] . The UKPDS expanded this evidence to Type 2 diabetic patients and macrovascular disease [94] .
Prospective controlled studies on this topic have helped to clarify the importance of this phenomenon, implying a profound revision of the current therapeutic approach. It seems advisable to consider, from both a clinical and practical point of view, this new aspect of diabetes -the control of postprandial hyperglycaemic spikes -in the treatment of the disease. 
